Abstract Pediatric multiple sclerosis (MS) is a chronic, lifelong neurological condition associated with inflammation and degeneration in the brain and spinal cord. Fortunately, < 5% of people with MS have their onset in childhood years. However, studying these very-early-onset cases of MS offers key advantages. In particular, with fewer years lived, children have had a limited range of exposures, potentially enhancing our ability to identify what might cause MS. Further, as the actual timing of the biological MS onset is unknown, the possibility to study these children much closer to the real onset of disease is far greater than in the typical adult with MS. Whether MS (in children or adults) can be prevented is unknown and the available drugs are only modestly effective in modifying the disease course and are not without risk. Emerging evidence is providing insight into the gut microbiota's potential role in triggering and shaping neurological conditions such as MS. The limited number of studies in humans with MS and absence of prior work in pediatric MS motivated the following 3 fundamental questions, addressed in 2 cross-sectional and 1 longitudinal investigation in children with and without MS: 1) Does the gut microbiota composition differ between children with and without MS? 2) Is there an association between the gut microbiota and host immune markers in children with and without MS? 3) Is the gut microbiota associated with the future risk of a MS relapse?
Introduction
Multiple sclerosis (MS) is considered an immune-mediated disease, with several genetic and early-life environmental exposures implicated as potential triggers for both adult-and childhood-onset disease [1] [2] [3] [4] [5] . However, there is no clinically useful test to predict who might be at risk of developing MS and no proven means of modifying an individual's risk to prevent the onset of MS. Once MS develops, the disease course can be highly variable between individuals [6] , and very little is known as to what drives this heterogeneity [5, 6] . Recent work, primarily based on animal models of MS, suggests a role for the gut microbiota as both a trigger of disease onset and as a modifier of subsequent disease activity [7, 8] . Perturbation in the gut microbiota of adults with MS relative to controls without MS have also been reported [9] [10] [11] [12] [13] [14] . While of interest, many of these studies included adults with long-standing MS who typically have complex medical and lifestyle histories. This can make the potential search for disease trigger(s) or modifiers particularly challenging as some may have occurred years previously [15] or accumulated over decades. Pediatric MS, while relatively rare, represents a unique opportunity to examine disease processes after few years of life have accrued, narrowing the search for potential triggers or modifiers of disease [1] [2] [3] [4] . Evidence to date also suggests that findings observed in children with MS are generalizable to adults (and vice versa). For instance, of the main risk factors identified for MS onset to date (low serum vitamin D, exposure to Epstein-Barr virus, and high body mass index), best evidence implicates them in both pediatric and adult-onset MS [1] [2] [3] [4] [5] . This suggests that the 2 populations represent similar disease entities, making it reasonable to assume that aspects of the gut microbiota-related findings in pediatric MS are generalizable to the adult MS population (and vice versa). However, while pediatric MS represents a unique opportunity to explore the role of the gut microbiota as a modifier of disease processes, its relatively low incidence and prevalence presents challenges. Gaining access to sufficient numbers of new cases of pediatric MS requires well-coordinated, collaborative teams and networks. The findings summarized in this article relate to children with and without MS attending a MS or Bwellness^pediatric clinic at the University of California, San Francisco (UCSF), USA, part of the US Network of Pediatric MS Centers [16] [17] [18] . All the MS cases were enrolled very early in their disease course, with stool samples obtained within 2 years of MS symptom onset. Findings provide an intriguing insight into the potential role of the gut microbiota in this chronic neurological condition and set the scene for future investigations.
The Gut Microbiota in Pediatric MS: Preliminary Findings Does the Gut Microbiota Differ Between Children With and Without MS?
At the time this question was posed, the primary available evidence implicating the gut microbiota in MS stemmed from animal models, such as experimental autoimmune encephalomyelitis [7, 8] . Only humans are known to spontaneously develop MS. Other animals require a noxious cocktail of chemicals in order to develop a disease that mimics certain facets of the relapsing-remitting MS disease course. Nonetheless, these animal models provided a compelling rationale to extend studies to humans. In the face of many unknowns, and no other published studies in MS, a case-control study was initiated in order to address the fundamental questions of whether there were any measurable differences in the gut microbiota profiles of children with and without MS [16] . Several potential confounders of the relationship between the gut microbiota and MS were also collected in order to guide future studies. These included (but were not limited to) environmental and lifestyle factors, such as current and early life diet (including breastfeeding), mode of delivery, body mass index, medication history, animal exposures, and MS-specific clinical factors, such as relapse history and disability status [16] . This level of deep phenotyping is important in order to contextualize and interpret findings, as well as compare and contrast across other studies, both now and in the future.
Between 2011 and 2013, 18 children with disease onset before the age of 18 years attending the UCSF pediatric MS clinic were enrolled. Cases were within 24 months of MS symptom onset and all met the 2010 McDonald criteria for MS [19] . Seventeen age-and sex-similar control children were enrolled; all had no personal or family history of MS or a related autoimmune disease, although conditions such as asthma or eczema were permissible. No child had been exposed to a systemic antibiotic in the 2 months prior to stool sample collection. Stool samples were procured at home and mailed by the child's parent along with the provided icepack (to keep the samples cool but avoiding repeated freezethawing and associated microbial degradation) [20] . Stool samples were then stored at -80°C at the study laboratory prior to DNA extraction, 16S rRNA gene amplification, and related sequencing using the Illumina Miseq platform. Additional details have been previously published, including the complementary chip-based platform, which was applied to provide a means of validating findings (and which yielded similar results; not reported here) [16] .
In this cohort of children, the mean age was 13 years (range 4-18 years), just over half were girls (19/34; 56%) and the MS disease duration was short, averaging 11 months (range 2-24 months). Half of the cases were not yet exposed to an immunomodulatory drug (IMD) for MS. Overall, the diversity of the gut microbiota did not differ significantly between children with and without MS for either alpha (evenness, richness, and Faith's phylogenic metric) or beta diversity (Canberra distance matrix). These findings are comparable with those observed in adults; generally, gut diversity (alpha and/or beta) has been reported as rather similar between adults with MS and unaffected controls [10] [11] [12] 14] . The issue of IMD exposure and gut diversity is addressed later in this review article.
In contrast to the general lack of difference in gut diversity between MS cases and controls, we did observe differences between children with and without MS when the gut microbiota were assessed at lower taxonomic levels [16] . This again mirrors the situation in adults in which taxonomic differences have been reported in adults with MS relative to controls [10] [11] [12] 14] . Starting at the broad phylum level ( Fig. 1 ), the children with MS in our study had 2.5 times the relative abundance of Actinobacteria relative to controls [95% confidence interval (CI) 1.3-4.9), based on negative binomial regression [16] . Overabundance of this phylum has also been associated with other relapsing-remitting immune-mediated conditions such as inflammatory bowel disease [21] . At lower taxonomic rankings, the MS cases (relative to controls) had a higher relative abundance of the genera Desulfovibrio and Bifidobacterium and the Christensenellaceae family, as well as decreased relative abundance of the Clostridiales order (e.g., the butyrate-producing Lachnospiraceae and Ruminococcaceae). The association of MS with the reportedly highly heritable taxon Christensenellaceae [22] is of interest given that MS has known (host) familial and genetic contributions [23] . In addition, recent work has suggested a relationship between the mode of delivery and MS risk, with a Cesarian section associated with lower odds of developing pediatric MS (adjusted odds ratio 0.40; 95% CI 0.20-0.82; p = 0.01) [24] . Desulfovibrio have been found in other studies to be associated with inflammatory bowel disease [25] and, specifically, ulcerative colitis [26] . Similarly, increased abundance of Bifidobacterium (phylum Actinobacteria) have been observed in immune-mediated inflammatory diseases, specifically in children and adults with celiac disease [27, 28] and adults with Crohn's disease [29] and ulcerative colitis [30] .
Combined, findings indicate that even in the very early stages of pediatric MS, subtle differences can be observed relative to control children. These findings are indicative of a higher proinflammatory and lower anti-inflammatory gut microbiota milieu in the children with MS [30, 31] . While these observations were largely consistent, regardless of the IMD exposure status of the MS cases (typically glatiramer acetate or interferon-β was used), IMD exposure did influence other observations. In particular, beta diversity was associated with IMD exposure (Canberra, p < 0.02), an observation consistent with that found in adults with MS also taking glatiramer acetate [10] . A plausible explanation is that IMD exposure caused these differences, but patient characteristics, such as the underlying disease activity, can also influence the decision to initiate an IMD and may have contributed. Longitudinal studies are needed to elucidate these crosssectional associations [16] .
With the goal of gaining insight into the potential function of the gut microbiota, a validated algorithm was applied to the 16S rRNA sequencing data [BPhylogenetic Reconstruction of Unobserved States^(PICRUSt)] [32] . This allows inferences to be made regarding the metagenome and hence potential functionality of the gut microbiota. A predicted enrichment of microbial genes involved in glutathione metabolism was observed in the MS cases relative to controls (MannWhitney, p = 0.017), which was independent of IMD exposure [16] . Glutathione has been implicated in MS neurodegeneration, and pursued as a therapeutic target or possible (brain) biomarker [33] . The potential for glutathione involvement beyond the confines of the central nervous system, possibly via the gut microbiota's interactions with metabotropic glutamate gut receptors, might provide opportunity and merits future investigation [34] . The IMD exposure status of the MS children influenced some findings, such as the predicted enrichment of microbial genes encoding immunomodulatory pathways involving CD8 + , CD4 + , and B-cell maturation and differentiation [16] . Reassuringly, these observations are consistent with the known pharmacodynamics of the IMDs [35] . Moving forward, understanding this functional capacity will be invaluable if, for instance, future interventions, such as a drug, specific diet, or pre-/probiotics, are developed in an attempt to Bnormalize^the MS gut.
Summary
Subtle differences in the gut microbiota were observed in pediatric MS relative to control children [16] . Similar observations made in adults with MS [9] raise the possibility of a gut signature of MS [36] . However, exposure to an IMD was associated with greater differences in the gut microbiota composition than MS itself [16] . Further, there was a suggestion of some commonality with certain other chronic, relapsing conditions [16] . It will be interesting for future studies to ascertain Fig. 1 . Relative abundance of the gut microbiota phyla for cases and controls using 16S rRNA sequencing [16] . Each bar represents 1 child; controls (left) and multiple sclerosis cases (right). The y-axis depicts relative abundance of the gut microbiota phyla, reported as a proportion for each child, relative to all cases and controls. Each phyla are color-coded as shown; e.g., as expected the predominant phyla in the guts of all children (cases and controls) with Bacteroidetes (blue) and Firmicutes (red) which aspects are entirely unique to MS, which are influenced by exposure to drug (and/or perhaps other exposures), and which represent an overlapping spectrum with other immune-mediated inflammatory conditions.
Is There an Association Between the Gut Microbiota and Host Immune Markers in Children With and Without MS?
The gut microbiota play a key role in educating and modifying the host's immune response. In turn, the host's immune system monitors the activity of the resident and transient gut microbes [37, 38] . As shifts in the immune profiles of individuals with MS are considered a key aspect of the disease [39, 40] , and studies have now implicated involvement of the gut microbiota in MS, it is of relevance to understand the evolving Bmicrobiota-immune^relationship. However, very little is currently known. To help fill this knowledge gap, we set out to examine the association between the gut microbiota and host immune system in children with and without MS [18] . Individuals were enrolled from the UCSF's pediatric clinics, as outlined previously [16, 18] . A subset of children (15 MS cases, 9 controls) who contributed both a stool and blood sample were included. Details of the blood sample processing and immune profiling have been previously published [18] . Briefly, peripheral blood mononuclear cells were isolated and stimulated, and, using flow cytometry, regulatory T cell (Treg;  CD4   +   CD25   hi   CD127   low   FoxP3   + ) frequency and CD4 + T-cell intracellular cytokine production was evaluated [18] . Associations between microbiota diversity, phylum-level abundances, and immune markers were explored, initially using Pearson's correlation coefficient (r), followed by multivariate linear regression, adjusting for potential confounders. Potential confounders included age, disease duration (both as continuous variables), or IMD exposure status (exposed or naïve). These were selected based on clinical relevance and/ or the limited pediatric literature, which indicated that these factors could influence the relationship between the developing gut microbiota and immune system [16, 17] . When immune markers were compared between cases and controls, most [e.g., T helper (Th)2, Th17, Tregs] did not differ significantly between groups (p > 0.05). However, divergence in the relationship between the gut microbiota and immune markers were observed [18] . Some striking examples included the strong, inverse correlations between gut microbiota evenness (indicating taxon distribution and a measure of gut microbial diversity) and Th17 and Th2 blood makers for the control children (r = -0.728 and r = -0.750, respectively; both p < 0.05). However, there was either no or modest positive associations for the MS cases (r = 0.308 and r = 0.545, respectively; both p > 0.05). After model adjustments, both immune markers remained significantly associated with evenness for the controls (age-adjusted p < 0.05). Findings suggest that gut microbiota dominated by specific taxa were associated with decreases in these immune markers in control children but that this effect was lost or absent in the cases [18] .
At the phylum level (Table 1) , the relative abundance of Bacteroidetes, one of the most dominant phyla in the gut, inversely associated with Th17 for cases (r = -0.719, p = 0.008) but not controls (r = 0.320, p = 0.401). This was independent of IMD exposure and disease duration (linear regression, p < 0.025 for cases). In addition, Fusobacteria positively correlated with Tregs for controls (r = 0.829, p = 0.006) but not cases (r = -0.069, p = 0.808). This remained independent of age (adjusted linear regression, p = 0.009 for controls). These observations concur with mechanistic studies involving animal models of MS [41] . Members of the Bacteroidetes phylum, which includes Bacteroides fragilis, have been shown to modulate the immune system and to modify disease outcomes in murine models, likely via the gut microbiota [41] [42] [43] . Although less is known about Fusobacteria, this diverse phylum includes anaerobic, Gram-negative bacteria, similar to Bacteroidetes, raising the possibility that a similar pathway is involved.
Findings suggest that the relationship between the gut microbiota composition and host blood immune markers can differ between children with and without MS. Why this microbiotaimmune balance appears disrupted so early in the MS disease course is intriguing and motivates further work. Identification of key microbiota members involved and the mechanism(s) by which this occurs (e.g., via gut microbiota metabolites, such as the short-chain fatty acid, butyrate [37, 38] ) could pave the way to novel means of modulating the immune dysregulation in MS.
Is the Gut Microbiota Associated With Future Relapse Risk?
Surprisingly little is known as what triggers or facilitates an MS relapse [5] . However, alterations of the gut microbiota in animal models of MS have been associated with disease activity [7, 8] . In addition, involvement of the immune system in MS relapses has been shown [39] . It is highly feasible that one of the key modulators of the immune system-the gut microbiota-could play a role in MS relapses. This study aimed to assess the association between the gut microbiota and subsequent relapse risk in pediatric MS [17] . The study setting and stool collection were similar to before [16] , with MS cases enrolled through a UCSF pediatric MS clinic. All were within 2 years from MS symptom onset at stool sample collection (mean = 10.3 months). This represented study entry or Bbaseline^, with children followed prospectively for a mean of 19.8 months during which time relapse-related data were collected; all relapses were confirmed by a neurologist. Just over half (n = 10; 59%) of the MS cases were girls, and nearly half self-identified as white (n = 8; 47%). At baseline, the mean age was 12.5 years and 8 (47%) were IMD naïve. The baseline gut microbiota composition (phylum level relative abundance) was modelled as the exposure and categorized according to the data distribution as either Blow vs high^(≤ vs >median) or Babsent vs present^when detectable in > 90% of cases. Phyla with sparse data were excluded (i.e., < 20% of cases had detectable reads). The outcome was the first Bon study^MS relapse [17] . BTime-to-event^survival analyses were used, which allows all individuals to be considered in the analyses, regardless if the outcome (a relapse) occurs by the study end or not. Relapse-free cases were censored at their last clinic visit. Data were assessed in 3 conservative steps, which included model adjustments in step 3. Firstly, Kaplan-Meier curves indicated that the absence of Fusobacteria (log-rank test, p = 0.001), or a higher abundance of Firmicutes (p = 0.003) or the presence of the Archaea Euryarchaeota (p = 0.037) were each associated with a higher on study relapse risk [17] . Secondly, after applying a conservative Bonferroni correction for multiple comparisons, only the former 2 remained significant (p < 0.00625) and were entered into the final step. Thirdly, after covariate adjustment for age (≤ 12 vs > 12 years) and IMD exposure status (exposed or naïve) using the multivariable Cox model, only Fusobacteria remained significant, with its absence (vs presence) associated with a hazard ratio for relapse risk of 3.2 (95% CI 1.2-9.0; p = 0.024) [17] . Potential covariates (confounders) were selected from the baseline cohort characteristics and guided by the limited available literature, which suggested that both age and IMD exposure could be associated with both the exposure (gut microbiota) and outcome (relapse). The variables were categorized based on the data distribution. It should be noted that it is not possible to tell if there was an active decline in Fusobacteria or if overgrowth of another microbial community resulted in the observed relative depletion of Fusobacteria. Interestingly, the Fusobacteria phylum was also reported in our previous paper for its strong correlation with blood immune markers in control children but not MS cases [16, 18] . Understanding the relationship between the gut microbiota, immune markers, and relapse risk represents an important future line of inquiry.
Summary
Absence or depletion of Fusobacteria was associated with > 3 times the hazard of an earlier relapse (adjusted for age and use of a MS IMD). A better understanding of gut microbiota's role in modifying MS relapse risk and this relationship with the Table 1 . Associations between the relative abundance of gut microbiota phyla and blood immune markers in cases of pediatric multiple sclerosis (MS) and control children [18] Key -colour coding represents degree and direcƟon of associaƟon Select findings only shown; further details have been published elsewhere [18] DMD disease-modifying drugs (alternative name, used interchangeably: IMD; immunomodulatory drugs) *p < 0.05; **p < 0.01 immune system could aid identification of novel modifiable targets and improved outcomes in MS [17] .
Study Strengths and Challenges
Study strengths of the 3 studies summarized here included a well-phenotyped cohort of children with and without MS [16] [17] [18] . In addition, the gut microbiota-related sequencing and related bioinformatics were conducted using a validated pipeline in a laboratory dedicated to such methods [16] [17] [18] . Case-control studies are particularly susceptible to bias. We applied the key principles of optimal study design [44] , enrolling both cases and controls from the same source (Bat risk^) population. All children included in our 2 case-control studies were from the same geographical location and healthcare setting, assessed over a similar time period [16, 18] . We purposely did not select household controls (e.g., siblings), because of the potential for bias, as demonstrated in other pediatric studies [45] . Where possible, analyses were adjusted for confounders, as well as the multiple comparisons made. However, the rarity of pediatric MS combined with lack of prior work meant that relatively small groups of individuals were enrolled into these pilot studies, limiting ability to interrogate the gut microbiota composition below broad taxonomic groupings (e.g., phylum-level when assessing relapse risk [17] ). The small sample size also limited sophistication of covariate adjustment. However, these studies represent important first steps into understanding the role of the gut microbiota in complex conditions such as MS [16] [17] [18] .
Future Perspectives
As with all observational studies, causation cannot be inferred. However, the associations found to date suggest a relationship may exist between the gut microbiota and the host's immune profile, as well as the gut microbiota and disease risk and activity in MS. The gut microbiota may provide a modifiable target in order to positively influence these disease-related characteristics and outcomes in MS. The current work predominantly refers to the taxonomy of gut bacteria (and some Archaea); future lines of inquiry will include the fungiome, virome, and the functional ability of these diverse microbes. The capacity for these and other more sophisticated assessments and analyses of the gut microbiota will improve as sequencing methods, bioinformatics, and computational capacity advances. Ultimately, a better understanding of the relationships between the gut microbiota and human host could be key in facilitating our understanding of complex conditions such as MS.
Two collaborative efforts are underway to validate and extend these findings in much larger cohorts of children involving both the US Network of Pediatric MS Centers and the Canadian Pediatric Demyelinating Disease Study team (lead by Dr. Banwell). Both the US National MS Society (Principal Investigator: Waubant) and MS Society of Canada's MS Scientific and Research Foundation (Principal Investigator: Tremlett) have dedicated resources, allowing the establishment of a stool biobank including children with earlyonset pediatric MS and related demyelinating conditions along with healthy controls (BFrom bugs to brains: the gut microbiome in pediatric MS^: see Acknowledgments). This endeavour will enable access to larger sample sizes, increased study power, and validation and replication of findings, and is to open to collaboration (contact the study authors: Drs. Tremlett or Waubant).
